While Tn-Seq is a powerful tool to determine genome-wide bacterial fitness in high-throughput, 24 culturing transposon-mutant libraries in pools can mask community or other complex single-cell 25 phenotypes. droplet-Tn-seq solves that problem by microfluidics facilitated encapsulation of individual 26 transposon mutants into liquid-in-oil droplets, thereby enabling isolated growth, free from the influence 27 of the population. Importantly, all advantages of Tn-Seq are conserved, while reducing costs and greatly 28 extending its applicability. 29 30 3 Main text 31 Transposon insertion sequencing (Tn-Seq) has become the gold standard to determine in high-32 throughput and genome-wide a gene's quantitative contribution to fitness under a specific growth 33 condition (van Opijnen et al. 2009). It has been successfully applied to bacteria, yeast and eukaryotes 34 and has enabled the discovery of new biology including gene function, non-coding RNAs and host-35 factors affecting disease susceptibility (van Opijnen & Camilli 2013). One of the biggest strengths of 36
microfluidic device enables encapsulation of millions of single bacterial cells in micron-sized droplets in 48 which bacteria are cultured. Each transposon mutant thus starts off in a complex pool of mutants, is then 49 separated and cultured in isolation, and finally cells are pooled back together. Before encapsulation and 50 after pooling, genomic DNA is isolated for sample preparation and the change in frequency of each 51 mutant over the course of the experiment is determined through massively parallel sequencing, which is 52 used to calculate individual growth rates (van Opijnen et al. 2009 ). Therefore, through strategic isolation 53 and pooling, dTn-Seq enables the establishment of single cell behavior in a genome-wide and high- 54 throughput fashion (Fig. 1a ). Moreover, we show that besides the ability to resolve complex single-cell 55 behavior, droplets have many more advantages and applications including a drastic reduction in culture 56 media volume (and possible expensive compounds), and analyses of interactions between bacteria 57 and/or host-cells. To enable encapsulation of single cells into a single droplet, microfluidic devices were designed and 60 built in-house ( Fig. 1b, Supplementary File 1) , which depending on oil and aqueous phase flow rates 61 generate droplets with a diameter of ~67 µM at a rate of ~5x10 4 droplets/minute. Droplets are composed 62 of an outer oil-surfactant layer and are filled with growth media (~157pL; Fig. 1c, d) . They enable 63 4 robust bacterial growth for Gram-negative and positive bacteria alike and support overall growth 64 dynamics comparable to bacteria grown in batch culture (a large e.g. 5ml culture; Fig. 1e ). Pooled 65 transposon libraries, where each bacterial cell contains a single transposon insertion, are separated as 66 single cells by encapsulation and cultured inside the droplet for 5-8 generations. With (d)Tn-Seq, 67 massively parallel sequencing is used to determine the exact location of a transposon insertion and by 68 sequencing two time points (i.e. at the start and end of the experiment) the frequency of each mutant can 69 be accurately quantified which is used to calculate the transposon's impact on the growth rate (van 70 Opijnen et al. 2009 , van Opijnen & Camilli 2013 . Due to the small volume of the droplet the amount of 71 genomic DNA obtained from a dTn-Seq experiment is not sufficient for sample preparation. To 72 overcome this a whole genome amplification (WGA) step, mediated by phi29 is introduced. WGA 73 conditions were optimized so that when dTn-Seq library preparation is compared against the standard 74 Tn-Seq approach no bias is observed (R 2 =0.89; Fig. 1f ) and reproducibility is very high (R 2 =0.88; Fig.   75 1g).
77
To determine the functionality of dTn-Seq, transposon insertion libraries of Streptococcus pneumoniae 78 were grown in batch-culture as a pooled population ('standard' Tn-Seq) and encapsulated as single cells 79 (dTn-Seq) in growth media with either glucose or the complex glycan alpha-1-acid glycoprotein (AGP) 80 as the major carbon source. Moreover, by adding low-melting temperature agarose to growth media with 81 glucose, droplets with a 1% agarose density were generated to assess how a solid environment that 82 provides structural support affects single cell growth. For each gene in each condition, fitness (i.e. the 83 growth rate) was calculated and compared between pooled-batch and droplet conditions. Overall, 2-5% 84 of genes from a variety of categories, including metabolism, transport, regulation and cell wall integrity 85 have a significantly different fitness ( Supplementary Fig. 1 ), indicating that population structure, i.e. the 86 droplet environment, can significantly affect clonal fitness.
88
To validate dTn-Seq a total of 7 genes were chosen from the three environments ( Supplementary Fig. 1 ;
89
Supplementary Tables 1-5). In the simplest environment with glucose as the carbon source ΔlytB 90 (SPT_1238) has no effect on fitness, however when grown in droplets the mutant has a severe growth 91 defect ( Fig. 2a, b ; Supplementary Fig. 1 ; Supplementary Table 1 ). This defect seems to be due to the 92 small droplet environment, since poor growth is masked when the mutant is grown by itself in batch 93 culture (5ml; Fig. 2b ). LytB is part of the lytic cycle of S. pneumoniae and is involved in cell-chain 94 shortening (García et al. 1999) . Indeed, chain-length of ΔlytB is significantly longer then the wt when 95 grown in batch, however when the mutant is grown in droplets, chain-lengths are shortened and 96 5 indistinguishable from wt ( Fig. 2a ). Recently longer cell chains were associated with rapid local 97 induction of competence (Domenech et al. 2018) , which we hypothesized could be further enhanced in 98 the micro-droplet environment. Gene-expression of a set of competence genes was compared between 99 wt and ΔlytB grown in batch and in droplets. As posited, competence genes of ΔlytB cultured in droplets 100 are highly upregulated (Fig. 2c ). Importantly, competence also induces the autolysin cbpD as well as the 101 immunity gene comM. In ΔlytB-droplets comM is upregulated ~8-fold, while cbpD is upregulated ~28-102 fold. This means that, especially in a confined space, LytB is extremely important in limiting a local 103 hypercompetent phenotype, which when deleted triggers autolysis and fratricide and reduces fitness. We next compared transposon libraries grown in culture medium with AGP as the major carbon source. Supplementary Table 4 ). Importantly, when a deletion mutant of either gene is grown in the 114 presence of the wildtype the growth defect in AGP is masked ( Fig. 2d ), indicating that the wildtype is 115 providing community support and compensating the mutant's fitness. While none of the four genes have 116 previously been shown to be influenced by the community, each gene is associated with either 117 regulating, releasing and/or processing AGP-linked monosaccharides. Specifically, SP_1415/nagB and 118 SP_2056/nagA have been shown in other species to be involved in processing GlcN and GlcNAc (Moye Lastly, two capsule genes (SPT_0394/cpsC, SPT_0395/cpsD) were validated that are very important for 126 growth under standard conditions (e.g. liquid media), but whose fitness is largely compensated by the 127 addition of 1% agarose ( Fig. 2f ; Supplementary Fig. 1 ; Supplementary Table 2 ). Like liquid droplets, 128 agarose droplets are monodisperse and have a similar volume ( Supplementary Fig. 2 ). Indeed, when the 129 6 deletion mutants are cultured in liquid droplets or in batch, SPT_0394 hardly grows, while SPT_0395 130 grows slower than the wt, reflecting their fitness (Fig. 2f ). In contrast, the 1% agarose environment 131 allows both mutants to expand robustly, and form microcolonies similar to wt ( Fig. 2f,g) . Microcolony 132 formation is important for bacterial survival in host-tissue, and for instance makes Pseudomonas 133 aeruginosa less sensitive to antimicrobials (Lam et al. 1980; Worlitzsch et al. 2002; Sriramulu et al. 134 2005). Microcolonies and biofilms are both formed by clusters of bacteria and thus dTn-Seq could 135 provide a proxy to uncover genes that are important under such circumstances. Importantly, noncapsular 136 S. pneumoniae strains are often better at biofilm formation (Domenech et al. 2012) , which is suggestive 137 for the improved performance of the capsule mutants in agarose.
139
To conclude, dTn-Seq is a valuable extension of Tn-Seq that is able to uncover novel single-cell 140 phenotypes associated with microenvironments, community factors, and solid environments that are 141 masked by Tn-Seq. dTn-Seq is applicable to practically any bacterium and any variation of Tn-Seq (e.g. (MicroChem) using a spin coater (Laurell) and set by baking at 95°C. The photomask was aligned with 183 the silicon wafer and UV exposed followed by a post-exposure bake ramping from 65°C to 95°C over 4 184 minutes. The mold was developed using SU-8 developer (MicroChem) per the manufacturers guidelines 185 and rinsed with isopropanol and dH2O followed by a hardening bake from 100C to 200C over 5 minutes.
186
The PDMS chip was generated by mixing PDMS and curing agent (Dow Corning, Sylgard 184) in a 187 10:1 ratio and added to the mold, degassed with a vacuum, and polymerized at 65°C overnight.
188
Polymerized PDMS was cut from the mold and a biopsy punch (0.75mm -Shoney Scientific) was used 189 to create ports for tubing (PE-2 tubing -Intramedic). PDMS slabs were bonded to glass (Corning -2947, 190 75x50mm) at the clean room by washing the glass with acetone and isopropanol in a sonicator bath 191 while the PDMS was washed with isopropanol, followed by thorough drying with filtered nitrogen gas.
192
The channel side of the PDMS slab and the glass slide were treated with plasma (400sccm flow; 400 193 watts; 45 sec) using a faraday barrel screen. Plasma treated surfaces were quickly brought into contact 194 and pressed together and then placed at 65°C for 10 minutes to complete bonding.
196
Droplet production and culturing of bacteria in liquid and agarose droplets. 197 Before droplet production the device's aqueous channel was primed with Aquapel (Aquapel #47100) 198 and then flushed with fluorinated oil (Novec 7500 oil; 3M #98-0212-2928-5) (Fig. 1b) . Devices were 199 used immediately or incubated overnight at 65°C, covered in scotch tape, and then stored in the dark for PicoSurf-1 oil to the 'oil inlet', cell culture to the 'aqueous inlet', and collect droplets from the 'droplet 204 outlet' (Fig. 1b) . Cells were diluted based on droplet size and according to a Poisson distribution with 205 the goal of generating droplets that contained a single bacterial cell (Shapiro 2003) . With our device a 206 concentration of 2.1 × 10 6 cells/ml encapsulated into ~157pL sized droplets will yield approximately 74% 207 empty droplets, 22% with single cells, and 3% with two or more cells. The syringe pump rate for cell 208 encapsulation was 400 µl hr -1 yielding ~1.4x10 6 total droplets in 30 minutes. To generate agarose 209 droplets the entire droplet production system was placed in a 37°C warm room. 1% Seaplaque agarose 210 was added to growth media and then heated until dissolved. The agarose was then filtered (0.22µm) after 211 which the cells were added to the agarose solution. After production, agarose droplets were gelled at 4°C droplets the aqueous culture phase was immediately plated for live cell counts while the aqueous phase 216 for agarose droplets was added to a dounce homogenizer to break up the agarose to release cells for live 217 cell plating. CFU-fold expansion was calculated by dividing CFU counts at every time point by the 218 initial CFU count at the beginning of each experiment. A student's t-test was used to determine if 219 expansion between samples was significantly different (*p<0.05, **p<0.005, ***p<0.0005). Supplementary Table 6 ), 1 unit Q5 DNA polymerase, and 253 incubated at 98°C for 30 sec, and 18-22 cycles of 98°C for 10 sec, 62°C for 30 sec, 72°C for 15 sec, 254 followed by 72°C for 2 min and a 10°C hold. PCR products were gel purified and sequenced on an 255 Illumina NextSeq 500 according to the manufacturers protocol. Sequence analysis was performed with a 256 series of in-house scripts as previously described (van Opijnen et al. 2009; McCoy et al. 2017) . The 
in which N i (t 1 ) and N i (t 2 ) are the mutant frequency at the beginning and end of the experiment 260 respectively and d is the population expansion. The final average fitness and standard deviation are 261 calculated across all insertions within a gene, and since fitness is calculated using the expansion factor 262 of the population, W i becomes independent of time, therefore allowing comparisons between different 263 strains and conditions across different experiments. To determine whether fitness effects are 264 significantly different between conditions three requirements had to be fulfilled: 1) W i is calculated from 265 at least three data points, 2) the difference in fitness between conditions has to be larger than 10% (thus 266 W i -W j = < -0.10 or > 0.10), and 3) the difference in fitness has to be significantly different in a one 267 sample t-test with Bonferroni correction for multiple testing (van Opijnen et al., 2009 (van Opijnen et al., , 2016 Opijnen and Camilli 2012, 2013). can be found in Supplemental Information (Supplementary Table 6,7) . To validate genetic phenotypes associated with carbon utilization from AGP, single-gene mutants (mt) 279 were co-cultured with their wildtype parental strain (wt) in a 1:20 ratio (mt:wt). Mutant and WT 280 frequencies were calculated by live cell plating on blood agar plates with or without antibiotics. Fitness 281 of the mutant was then calculated as described as previously and above (van Opijnen et al. 2009 ).
283
Visualization of cells and droplets. 284 Images of cells and droplets were captured with an Olympus IX83 inverted microscope. For planktonic 285 batch culture 10µl of cells were stained with 0.5µl green-fluorescent SYTO-9 (1:10 dilution in PBS) and 286 0.5µl red-fluorescent propidium iodide (1:10 dilution in PBS) (Thermo Fisher Scientific -L34856).
287
Batch culture cells were then mounted between an agar pad and coverslip for visualization. All droplet 288 images were produced by mounting samples between coverslip spacers to prevent droplets from being 289 compressed.
291
Gene expression analysis. 292 Immediately after culture the cells were pelleted and snap-frozen in an ethanol/dry-ice bath, followed by 293 RNA isolation using RNeasy Mini Kit (Qiagen -74106) according to the manufacturer's guidelines.
294
RNA was treated to remove genomic DNA with TURBO DNA-free kit (Invitrogen -AM1907). cDNA 295 was made from 400ng of DNA-free RNA using iScript Reverse Transcription Supermix (Bio-Rad - Table 6 ). qRT-PCR was performed 298 with iTaq SYBR Green Supermix (Bio-Rad -1725124) using 2µl of cDNA in a MyiQ Real-Time PCR 299 Detection System (Bio-Rad). Each sample was measured in technical and biological triplicates and 300 normalized to the 50S ribosomal protein SP_2204. 301 302 Data availability. 303 All sequence data can be found under the NCBI Sequence Read Archive accession SRP154922. single bacterial cells into liquid-in-oil droplets. Bacteria are allowed to expand within droplets, gDNA is 325 isolated at the start of the experiment (t1) and after expansion (t2) and is amplified with phi29.
